Summary Recent data indicate that peripheral insulin sensitivity may be influenced by dietary fat quality and skeletal muscle phospholipid fatty acid composition. During a health survey of 70-year-old men insulin sensitivity was measured by the euglycaemic hyperinsulinaemic clamp technique and the fatty acid composition of the serum cholesterol esters was determined (n = 215) by gas liquid chromatography In a subsample the fatty acids of the skeletal muscle phospholipids and triglycerides were determined after fine needle biopsy from m. vastus lateralis (n = 39). The peripheral insulin sensitivity was significantly and negatively correlated to the proportion of palmitic (r = -0.31, p < 0.001), palmitoleic (r = -0.25, p < 0.001) and di-homo-7-1inolenic (r = -0.33, p < 0.001) acids and positively to the content of linoleic (r = 0.28, p < 0.001) acid in the serum cholesterol esters. There was an even stronger negative relationship to the proportion of palmitic acid in the skeletal muscle phospholipds (r = -0.45, p < 0.004). The fatty acid composition was also significantly related to insulin sensitivity in a stepwise multiple regression analysis in the presence of other clinical variables, which were associated with insulin action in univariate analysis. Thus, more than 51% of the variation of the insulin sensitivity was explained by an equation containing body mass index, serum triglyceride concentration and the content of palmitic acid in the skeletal muscle phospholipids. It is concluded that the fatty acid composition in serum and of the phospholipids of skeletal muscle may influence insulin action in elderly men. [Diabetologia (1994[Diabetologia ( ) 37: 1044[Diabetologia ( -1050 Key words Cholsterol esters, fatty acid composition, insulin sensitivity, palmitic acid, phospholipids, skeletal muscle.
determinations of the fatty acid composition of serum and skeletal muscle lipids were performed. Also, peripheral insulin sensitivity was measured by the euglycaemic, hyperinsulinaemic clamp technique. The survey was performed as a part of an ongoing prospective study. The participants were earlier studied at ages 50 and 60. However, on these occasions no measurement of insulin sensitivity was performed.
The composition of the fatty acids of the serum cholesterol esters was determined in all the men who attended the health survey. The present report concerns the first 218 men who were consecutively analysed. Seventy of these men were on antihypertensive medication and 39 had non-insulin-dependent diabetes mellitus. As antihypertensive medication may influence peripheral insulin sensitivity, all analyses were performed twice including and excluding, respectively, all subjects on antihypertensive medication. In addition, the fatty acid compositions of the skeletal muscle phospholipids and triglycerides were determined in a random subsample (n = 39) after fine needle biopsy from musculus vastus lateralis. Thirteen of these men were being treated with antihypertensive drugs, the majority using selective fl-adrenergic blockers. Nine men, four of whom had non-insulin-dependent diabetes were being treated with other types of medication. None of the latter were treated with insulin.
Laboratory methods. All subjects were studied in the morning.
They were asked to refrain from smoking and had been fasting overnight.
Body mass index was calculated as the body weight (kg) divided by squared height (in meters). Blood pressure was measured in the supine position on the right arm with a mercury sphygmomanometer after 10-min rest. Systolic and diastolic blood pressures were defined as phase I and V, respectively, according to Korotkoff (to the nearest ram).
Cholesterol and triglyceride concentrations were determined in serum and HDL lipid concentrations were determined in the supernatant after precipitation with a sodium phosphotungstate and magnesium chloride solution [4] . Triglyceride and cholesterol concentrations were determined in serum and in HDL by enzymatic methods using BoehringerMannheim (Mannheim, Germany) kits, modified for use in a Multistat III, F/LS apparatus (Instrumentation Laboratories, Lexington, Mass., USA). The coefficients of variation in the assays were 2.7 and 1.7 %, respectively. The concentrations of plasma non-esterified fatty acids were determined by an enzymatic colorimetric method using a commercially available kit (Waho Chemicals GmbH, Neuss, Germany) applied for use in the Multistat III centrifugal analyzer.
Blood glucose concentrations were measured by the glucose oxidase assay. Serum insulin was determined by radioimmunoassay (Phadeseph Insulin RIA 100, Pharmacia Diagnostics AB, Uppsala, Sweden). Insulin sensitivity was evaluated by the euglycaemic hyperinsulinaemic clamp technique according to De Fronzo [5] as earlier described [6] in 215 men. The rate of infusion of insulin was 56 mU/m 2 per min in all subjects resulting in a mean plasma insulin concentration of about 100 mU/1. The mean steady-state plasma glucose concentration in the clamp was 5.2 mmol/1. The index of sensitivity of peripheral insulin (M/I6c~120) was calculated by dividing the amount of glucose taken up by the mean insulin concentration attained during the last 60 min of the clamp.
For determination of the fatty acid composition 5 ml of methanol was added to I ml of plasma. Chloroform (10 ml) containing 0.005 % butylated hydroxytolueue as an antioxidant, was then added followed by 15 ml of 0.2 mol/1 sodium dihydrogen phosphate (NaH2DO4) [7] . After thorough mixing the extract was left at + 4~ for 1-4 days. The chloroform phase was evaporated to dryness under nitrogen and the lipid residue was dissolved in chloroform. The lipid esters (triglycerides, cholesterol esters and phospholipiods) were separated by thin-layer chromatography as previously described [8] and transmethylated at 60 ~ overnight after addition of 2 ml 5 % H2SO 4 in methanol. The methyl esters were extracted into 3 ml of petroleum ether (b.p. 40-60~ containing 0.005 % butylated hydroxytolvene after adding 1.5 ml distilled water. The phases were separated after thorough mixing and centrifugation at 1500 x g for 10 min. The petroleum ether phase was pipetted off and the solvent was evaporated under nitrogen. The methyl esters were then redissolved in i ml Uvasol, grade hexane.
The fatty acid methyl esters were separated by gas-liquid chromatography on a 25-m WCOT (wall-coated open tubular) glass capillary column coated with SLP OV-351 (QUAD-REX), with helium as carrier gas. A Hewlett-Packard system consisting of GLC 5890, integrator 3396 and autosampler 7671A was used. The fatty acids were identified by comparing retention times with those of Nu Check Prep (Elysian, Minn., USA) fatty acid methyl ester standard and PUFA-mix No. 2 (animal source, 22:5 n-6, 22:5 n-3) (Supelco, Bellefonte, Pa., USA). The coefficients of variation for the determinations of the proportions of fatty acids in the serum cholesterol esters were less than 3 % for all the fatty acids which were significantly related to insulin sensitivity.
In a subsample of the men (n = 39) a fine needle biopsy was performed from the musculus vastus lateralis. Small pieces of skeletal muscle tissue (15-30 mg) were homogenized in i ml of physological saline by a Kinematica Polytron PT 3000 homogenizer at 30.000 rpm for 15 s on ice. The homogenized muscle tissue was extracted overnight by a solvent system containing 5 ml methanol, 10 ml chloroform containing 0.005 % butylated hydroxytolvene and 15 ml 0.2 tool/1 NaH2PO 4. The chloroform phase was evaporated to dryness under nitrogen after which the lipid esters were separated by thin-layer chromatography as described above, transmethylated and analysed by gas-liquid chromatography.
Statistical analysis
The proportions of individual fatty acids in the serum cholesterol esters and in the skeletal muscle phospholipids and triglycerides were expressed as a percentage of the total fatty acids identified. All results are expressed as the mean _+ SD. The relations between variables were analysed by linear correlation and by stepwise multiple regression analysis using the SAS analysis system program [9] .
Results
Clinical characteristics and relation to insulin sensitivity. Some of the clinical characteristics of the men investigated are shown in Table 1 . The relationships between the clinical characteristics and the peripheral insulin sensitivity, as measured by the euglycaemic clamp technique, are also shown. There were highly significant negative correlations between insulin sensitivity on the one hand and body mass index, serum triglycerides, serum free fatty acid and fasting blood glucose concentrations on the other. There were weaker inverse relationships between the systolic Table 2 . and diastolic blood pressure and insulin sensitivity with a significant positive relationship to the serum HDL-cholesterol concentration. There was no significant correlation with the serum cholesterol concentrations, It is notable that the relationship between insulin sensitivity and body mass index was stronger than that between insulin sensitivity and waist-hip ratio in this population. If all the men on ant• treatment (n = 70) were excluded the relationships described in Table 1 remained essentially unaltered. The only difference was that the weak negative relationships be-B. Vessby et al.: Fatty acid composition and insulin sensitivity Relationships between the serum cholesterol ester fatty acid composition and the fatty acid composition of the skeletal muscle lipids and insulin sensitivity. The fatty acid composition of the serum cholesterol esters and the skeletal muscle phospholipids and triglycerides is shown in Table 2 .
The relationships between the peripheral insulin sensitivity and the fatty acid composition of the serum cholesterol esters and skeletal muscle lipids were evaluated (Table 3 ). There were significant negative relationships between insulin sensitivity and the proportions of palm• (16:0), palmitoleic (16:1 n-7) and di-homo-y-linolenic acids (20:3 n-6) in the serum cholesterol esters while there was a positive correlation to the relative linoleic acid content (18:2 n-6). The strongest relationship was between the proportion of di-homo-v-linolenic acid and insulin sensitivity (Fig. 1) . When all subjects on antihypertensive medication were excluded from the analyses the major correlations between the serum cholesterol esters and peripheral insulin sensitivity remained essentially unchanged.
The only significant relationship between the fatty acid composition of the skeletal muscle phospholipids and triglycerides and the peripheral insulin sensitivity was a significant negative relationship between the palm• acid content in the skeletal muscle lipids and the insulin sensitivity (Table 3 , Fig. 2 ). There was a positive correlation between the proportion of palm• acid in the phospholipids and the triglycerides in the skeletal muscle (r = 0.40, p --0.013). The correlation between the content of palmitic acid in the skeletal muscle and peripheral insulin sensitivity increased (r = -0.55, p = 0.005) after exclusion of the 13 men who were on antihypertensive treatment while the relationship to the proportion of palmitic acid in the skeletal muscle triglycerides weakened (r ---0.12, NS).
There were no significant relationships between the proportion of linoleic acid in the skeletal muscle lipids and insulin sensitivity. Nor were there any significant relationships between the long chain polyunsaturated fatty acids of the n-6 or the n-3 family in serum or in the skeletal muscle lipids, respectively, and the insulin sensitivity. The relationship between the proportion of palmitic acid in the skeletal muscle phospholipids and in the serum cholesterol esters was not statistically significant (r--0.26, NS), while there was a significant positive relationship between the proportion of palmitic acid of the skeletal muscle triglycerides and that of the serum cholesterol esters (r = 0.56, p < 0.001). Also, the relative content of palmitic acid in the skeletal muscle triglycerides was strongly positively correlated to the proportion of palmitoleic acid in the cholesterol esters in serum (r = 0.61, p < 0.001) and negatively to linoleic acid (r = -0.56, p < 0.001).
There were significant positive relationships between the proportion of linoleic acid in the serum cholesterol esters and that of the skeletal muscle phospholipids and triglycerides, respectively (Table 4). There were also significant correlations between the proportions of 7-1inolenic (18:3 n-6), dihomo-/-linolenic and docosahexaenoic (22:6 n-3) acids in the serum cholesterol esters and in the skeletal muscle lipids.
Insulin sensitivity as a function of the fatty acid composition and other clinical characteristics.
When the proportions of the fatty acids of the serum cholester- ol esters were tested as explaining variables in a multiple regression analysis with insulin sensitivity as the dependent variable, di-homo-7-1inolenic acid and palmitic acid came out as significant independent variables together explaining 18% of the variation of insulin sensitivity. Excluding all the subjects on antihypertensive medication did not change the results. If the proportion of palmitic acid in the skeletal muscle lipid esters was also introduced as an explaining variable, 27 % of the variation of insulin sensitivity was explained by the variations of di-homo-~-linolenic acid in the cholesterol esters and of palmitic acid in the skeletal muscle phospholipids. One third (n = 13) of the men who underwent a skeletal muscle biopsy were on antihypertensive treatment. Stepwise regression analysis with insulin sensitivity as the dependent variable was also repeated after exclusion of these men. Only the proportion of palmitic acid re- R 2 54 % mained as a significant independent variable explaining 23 % of the variation of insulin sensitivity. When different constellations of clinical variables which were significantly related to insulin sensitivity (Table 1 ) and fatty acids were tested together as explaining variables, the best prediction of the variation of insulin sensitivity was achieved in a stepwise forward regression analysis by an equation including body mass index, serum triglyceride concentrations and the proportion of palmitic acid in the skeletal muscle phospholipids (Table 5 ). Together these three variables explained 51% of the variation of the insulin sensitivity. If the four patients with non-insulin-dependent diabetes were excluded this figure increased to 56 %. If the 13 men on antihypertensive medication were excluded the best prediction of the variation of insulin sensitivity was achieved by introducing serum triglycerides and the proportion of palmitic acid in the skeletal muscle phospholipids as independent variables. Together they explained 54 % of the variation of the insulin sensitivity. Adding body mass index to the equation did not improve the model further (Table 6 ).
Discussion
The present study was performed to elucidate the relationships between clinical characteristics, fatty acid composition in serum cholesterol esters and skeletal B. Vessby et al.: Fatty acid composition and insulin sensitivity muscle lipids and peripheral insulin sensitivity as measured by the euglycaemic hyperinsulinaemic clamp technique in 70-year-old men. There were significant relationships between several of the clinical characteristics and insulin sensitivity. An equation including body mass index, serum triglycerides and the proportion of palmitic acid in the skeletal muscle phospholipids could explain more than half of the variation in insulin sensitivity.
There were highly significant relationships between the fatty acid composition of the serum cholesterol esters and the peripheral insulin sensitivity with the strongest relationships to the proportions of dihomo-y-linolenic acid, palmitic acid, linoleic acid and palmitoleic acid. An increasing proportion of palmitic, palmitoleic and di-homo-y-linolenic acids in the serum cholesterol esters with increasing degree of glucose intolerance, with lower levels of linoleic acid in diabetic subjects than in the subjects with impaired or normal glucose tolerance, was found by Salomaa et al. [10] in a population-based study. It was suggested that the fatty acid composition of plasma and membrane lipids may have a role in insulin resistance and blood glucose regulation.
The fatty acid composition of the serum cholesterol esters reflects the average dietary fat quality during the preceding 2-3 weeks [11, 12] . Significant positive relationships between the content of different fatty acids in the diet, as estimated from dietary surveys, and the proportion of fatty acids in the serum cholesterol esters have been repeatedly demonstrated [12] [13] [14] . When changing the dietary fat quality, keeping all other nutrients unchanged, there is a gradual change of the serum cholesterol ester and phospholipid fatty acid composition during the following weeks reaching an apparant new steady state after approximately 3 weeks [11] .
A shift of dietary fat quality from a diet containing a high proportion of saturated fat to one high in linoleic acid causes a shift of the serum lipid fatty acid composition with a reduction of the proportions of palmitic acid and palmitoleic acids and an increased proportion of linoleic acid [11, 12] resulting in a fatty acid pattern compatible with an improved peripheral insulin sensitivity.
In the present study of 70-year-old men the fatty acid composition of the skeletal muscle phospholipids and triglycerides was determined in a random subsample. A strong negative relationship was discovered between the proportion of palmitic acid in the skeletal muscle phospholipids and insulin sensitivity. Also, in the presence of the most powerful clinical predictors of insulin sensitivity the fatty acid composition of the skeletal muscle phospholipids still contributed as a significant explaining variable. This was true even after exclusion of men on antihypertensive treatment or with diabetes. This indicates that the fatty acid composition of the skeletal muscle phospholi-pids may be of significance for, and influence, insulin action, also in elderly men. Whether the proportion of palmitic acid in the skeletal muscle phospholipids is directly related to the dietary fat quality, or whether it mainly reflects a high amount of intramuscular lipids, which may be partly endogenously synthesized, is at present not possible to establish.
Significant relationships between the fatty acid composition of the serum phospholipids and insulin sensitivity in healthy men has earlier been demonstrated by Pelikanova et al. [15] . Borkman and coworkers [3] showed a direct relationship between the fatty acid composition in the skeletal muscle phospholipids and different measures of insulin action in healthy young men and in patients with coronary heart disease. In their study, as well as in earlier experimental studies in rats performed by the same group [1, 2] , the main relationships between insulin sensitivity and fatty acid composition of the skeletal muscle lipids were seen between the proportions of long chain polyunsaturated fatty acids and insulin sensitivity. However, also in these studies there were significant negative relationships to the palmitic acid content.
Is it not known whether a change of dietary fat composition will actually alter insulin sensitivity in humans. Most studies have failed to show any change in peripheral glucose elimination after supplementation with n-3 fatty acids in non-insulin-dependent diabetes [16] [17] [18] but an improvement was reported by Popp-Snijders et al. [19] . Fasching et al. [20] fed n-3 fatty acids to overweight subjects with impaired glucose tolerance and reported an increased glucose disposal rate during the 1-mU but not during the 10-mU insulin clamp period. Recent data by Uusitupa et al. [21] suggest that the dietary fatty acid composition may also affect glucose tolerance in healthy subjects.
In our study, we could not detect any significant relationships between the proportions of n-3 fatty acids, the sum of long chain fatty acids or the ratio between 20:4 and 20:3 and insulin sensitivity. In contrast strong positive relationships were detected in the study by Borkman and co-workers [3] . The reason for this discrepancy between our studies is at present not clear. It may be due to differences in methodology or of the age of the participants or both. Factors relating to aging, e.g. muscle capillarity, may reduce or obscure other relationships which are more apparent in younger people. It may also be due to differences in the fatty acid composition of the Scandinavian and Australian populations, presumably reflecting divergent dietary habits. The relative proportion of long chain n-3 fatty acids in the elderly men in Scandinavia (6.2 %) was higher than that in the Australian populations (4.9 and 4.5 %, respectively). One explanation for the lack of significant relationships between the proportions of n-3 fatty acids in the skeletal mus-1049 cle phospholipids and insulin sensitivity in the Swedish study may be the higher average proportions of n-3 fatty acids. In experimental studies, the content of n-3 fatty acids in the diet, as well as in the tissues, has been shown to be critical for the maintenance of good insulin sensitivity [2] .
It can be speculated that the importance of dietary fat quality on insulin sensitivity may be even more important than what is indicated by the statistical analyses performed here. Thus, there were for example highly significant relationships between body mass index and serum triglyceride concentrations, respectively, on the one hand and cholesterol ester fatty acids in the serum on the other. It seems more probable that the fatty acid composition, as mirroring the dietary fat quality, would influence the body weight and the serum lipid levels, and thereby indirectly also the insulin sensitivity, rather than the reverse.
In conclusion the results of the present study suggest that the fatty acid composition of the serum cholesterol esters and of the phospholipids of skeletal muscle, presumably at least partly reflecting dietary fat quality, may influence insulin action in elderly men. This is in line with earlier observational [3, 10] and experimental [1, 2] studies indicating that the type of dietary fat is of importance for the development of glucose intolerance and non-insulin-dependent diabetes. The coupling between high-fat diets and insulin resistance has recently been discussed by Storlien et al. [22] . They have suggested two potential mechanisms which may explain the development of insulin resistance after feeding of certain types of dietary fat, one via glucose lipid interactions, as suggested by the glucose/fatty acid cycle of Randle et al. [23] , and the second via changes in membrane lipid fatty acid composition consistent with the "leaky membrane" hypothesis of Else and Hulbert [24] .
